Abstract. A study of the equilibrium and disequilibrium thermochemistry of the recently discovered carbon monoxide on Jupiter suggests that the presence of this gas in the visible atmosphere is a direct result of very rapid upward mixing from levels in the deep atmosphere where the temperature is about 1100?K and where carbon monoxide is thermodynamically much more stable. As a consequence the observed carbon monoxide mixing ratio is a sensitive function of the vertical eddy mixing coefficient. We infer a value for this latter coefficient which is about three to four orders of magnitude greater than that in the earth's troposphere. This result directly supports existing structural and dynamical theories implying very rapid convection in the deep Jovian atmosphere, driven by an internal heat source.
Carbon monoxide (CO) was recently detected in the atmosphere of Jupiter by Beer (1), utilizing ground-based observations with a high-resolution Fourier transform interferometer-spectrometer in the 5-tum wavelength region. This detection has now been confirmed by Larson et al. (2), using similar instrumentation on the Kuiper Airborne Observatory. Both observers estimate that the volume mixing ratio for CO is about 10-9 if they assume that the gas is well mixed, but this assumption has been questioned because it implies a rotational temperature of roughly 210?K for CO (3). The discovery of CO is of considerable interest for, like the earlier discoveries of C2H2, C2H6, and PH3 (4, 5), it provides direct evidence for chemical dis- 9 DECEMBER 1977 equilibrium in Jupiter's atmosphere (6, 7). These various gases are all predicted to have negligible concentrations in the visible atmosphere when we assume thermochemical equilibrium (8) .
In a general sense we can identify a number of possible mechanisms whereby the observable CO concentrations on Jupiter could be substantially enhanced relative to the thermochemical equilibrium values. One such mechanism involves CO production by photochemical oxidation of CH4 in the upper atmosphere. Such oxidation is well known as a source of CO in the earth's atmosphere (9). However, the only suitable oxidizing agents in the upper atmosphere of Jupiter are free radicals such as OH derived from dissociation of HO2. Direct photodissociation of Jovian water vapor is essentially inhibited because photons capable of dissociating H20 do not penetrate down to levels where there are significant H20 concentrations (10). Without somewhat arbitrarily assuming convective injection of Jovian watercloud particles into the upper atmosphere or an extra-Jovian source for upper atmospheric H20, production of OH by photolysis of H2O therefore appears to be inhibited. Dissociation of H20 lower in the atmosphere by hot H atoms which are produced by H2S photodissociation (11) or by lightning and thunder shock waves are two other possible OH sources. However, Jovian H2O still has very low concentrations at the levels where the hot atoms are being produced, and the hot atoms themselves are almost immediately quenched by collisions with H2 and He (12). In addition, in analogy with our own atmosphere, the vertical energy flux associated with lightning and thunder on Jupiter is only about 0.1 percent of the solar ultraviolet flux and a significant fraction of this flux is inoperative in the breaking of chemical bonds (13) .
Another mechanism for producing CO in the visible atmosphere-one which we will demonstrate is, in fact, adequateinvolves very rapid vertical mixing in the hot lower atmosphere. This allows the CO formed by thermochemical oxidation of CH4 at high temperatures to be mixed up to visible levels (12). We argue here that the observation of CO, assuming it is well mixed, can be used to make a quantitative estimate of the strength of vertical mixing in Jupiter's atmosphere. If the CO is not well mixed our analysis will apply only to the well-mixed component.
Before discussing the details of the latter mechanism we must establish what If we assume that CO is well mixed we expect a rotational temperature of about 210?K for the observed CO on Jupiter. In comparison, the volume mixing ratio for CO in thermochemical equilibrium at the 210?K level is 6 x 10-46, or some 36 orders of magnitude less than the observed value. Clearly, the observations imply the existence of a potent disequilibrating mechanism.
In developing our explanation for the appearance of CO in the visible atmosphere we must obtain a rough estimate for the rate of irreversible reduction of CO to CH4 on Jupiter. The high-temper-1032 ature kinetics of mixtures of CO, H2, and 02 and of CH4 and 02 have been studied in some detail by combustion chemists (19) . Reaction paths in the hydrogen-rich but oxygen-deficient Jovian atmosphere will, of course, differ from those in the latter studies, but the rate constants of all the elementary reactions will remain the same.
In our study of the expected reaction paths on Jupiter we have found it convenient to divide the abundant carbon-containing compounds into two distinct families: oxidized carbon, comprising those with a carbon-oxygen bond (such as CHO, CO, CO,, and CH2O), and reduced carbon, comprising those without (such as CH4, C2H6, CH3, and C2H4). Using measured rate constants (19, 20) We have computed the rate constants for these three reactions, using the measured rate constants for the reverse reactions (19) together with their appropriate equilibrium constants (14 where the square brackets denote the number concentrations of the particular molecules. To compute these tchem values we use the fact that the relative concentrations of CO and CH2O will be close to their equilibrium values.
We are now in a position to discuss the effects of vertical mixing on CO concentrations. To facilitate this discussion we have divided the atmosphere into two regions. One lies below the altitude z = 0, and all species in this lower region are assumed to be in thermochemical equilibrium. In practical terms, z < 0 will imply that techem < tconv, where tconv is the time constant for vertical mixing. The other region lies above z = 0, and in this upper region we can conveniently write the CO destruction rate as Since h2chem <<? H2 (23), this equation tells us that co in the visible atmosphere (that is, at z >> H) is not much less than at z = 0. In essence, once tchem ~ teonv, vertical mixing results in CO in an air parcel being chemically quenched by rising a distance from z = 0 which is considerably less than H. If we regard K as an unknown quantity we can identify the level z = 0 for each K value by finding where tchem = H2/K. We can then obtain Jfo(0) at this same level from the thermochemical equilibrium calculations presented in Fig. 1 . In this manner we obtain the fco(0) value corresponding to each K value. The results are illustrated in Fig. 2 . Since the observed fco value is approximately fco(0), Fig. 2 . demonstrates the dependence of the observed CO concentrations on the K value in the deep atmosphere. From observations (1, 2) jc= l10-9, which implies K-2 x 108 cm2 sec-1. The corresponding temperature at z = 0 is 1064?K. By way of comparison, K ~-105 cm2 sec-' in the terrestrial troposphere. In view of the several assumptions and approximations we have made, we caution that this result should be regarded only as indicating the order of magnitude of K in the deep atmosphere. A detailed laboratory study of the high-temperature reduction of CO to CH4 by H2 will be necessary before better accuracy can be obtained.
Recent measurements from Pioneer 10 (24) confirm earlier earth-based observations (25) suggesting that Jupiter emits at thermal wavelengths about twice the energy it receives from the sun at visible wavelengths. The internal heat source implied from these observations has been used to argue that Jupiter is a convective fluid throughout most of its interior (26). The required K value can be calculated from theories for free convection and is about 107 to 109 cm2 sec-I in Jupiter's deep atmosphere (27). Considering the approximations we have made, the agreement between our deduced K value and the latter theoretical values must be regarded as surprisingly good. The observation of CO on Jupiter has thus provided independent evidence for very rapid vertical mixing in its deep atmosphere.
The mechanism proposed here for producing nonequilibrium concentrations of CO in the atmosphere should also apply to a large number of other molecules. This mechanism has already been used to explain the observation of PH3 (27). It has been advanced for GeH4 (12) , which has also recently been observed (5). If CO2 has a chemical time constant similar to that of CO, then its observed mixing ratio should be roughly that at the I 100?K level, which from Fig. 1 is 5 Pearson (1) analyzed data for metabolism of shrews and small mice and concluded that because metabolic rates per unit of body mass become increasingly large for smaller and smaller mammals, there exists a lower limit to mammalian size beyond which metabolic rates would become impossibly large. Indeed, his analysis predicted that the smallest mammal should be approximately the size of the smallest shrew (approximately 2.5 g). In this report I extend the work of Pearson to ask, Is the minimum size of mammalian homeotherms entirely a property of the animals, or is it, in part, determined by the thermal environment?
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